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Abstract –Construction of parallel logic gates at nano-scale level undoubtedly improves the
efficiency of computable operations. In this work we put forward a new idea of designing two
distinct logical operations simultaneously in the two output leads of a three-terminal bridge setup
which on one hand is highly stable as all the results are valid for a wide range of parameter values
and on the other hand easy to engineer. Our system can be reprogrammed to have all the two-
input logic gates with two operations at a time by selectively choosing the physical parameters
describing the system, viz, Rashba spin-orbit (SO) interaction, magnetic flux, and Fermi energy.
Finally, we explore the possible storage mechanism as well using our model.
Introduction. – The logic gates are the most essen-
tial bricks of modern computers and digital electronics as
their functionalities rely on the implementation of Boolean
functions. These gates are usually comprised of various
field-effect transistors (FETs) and metal oxide semicon-
ductor field effect transistors (MOSFETs). So, finding of
logical responses in a simple nano-scale device is a subject
of intense research for better performance of computable
operations. And for proper execution of such operations,
wiring between individual logic gates is definitely required
which limits integration densities, gives rise to huge power
consumption and restricts processing speeds [1]. There-
fore, accommodation of Boolean logic gates into a sin-
gle active element is highly desirable to eliminate wiring
amongst transistors.
Though a wealth of literature knowledge has been devel-
oped in designing logic gates essentially based on molec-
ular systems [2–4], but most of these works are involved
in single logic operation at a time, and very less number
of works are available so far in the context of functioning
parallel logic gates in one setup which is highly desirable
from the efficiency perspective and suitable computable
operations. Hod et al. [5] have made an effort to design
parallel logic gates considering a cyclic molecule where
(a)E-mail: santanu.maiti@isical.ac.in
a realistic magnetic field and gate potential are used as
the inputs. In their work they have only shown AND
and NAND operations. A completely different prescrip-
tion was given by imposing a novel architecture consid-
ering a single parametric resonator (electromechanical)
where three logical operations along with multibit logic
functions can be performed [1]. This work essentially
suggests a suitable prospect of designing parallel logic
processor using a single resonator. There are other few
realizations of parallel logic operations [6–9] considering
different semi-conducting materials, molecular systems,
protein-like molecules, synthetic gene networks. But these
studies do not essentially address the phenomenon of ‘si-
multaneous Boolean logical operations’, which is precisely
our main motivation of the present work.
Most of the works available in literature exploit elec-
tronic charge for logical operations, but the implementa-
tion of these functional operations based on spin degree of
freedom undoubtedly yields several advantages like rapid
processing, much smaller energy consumptions, greater in-
tegration densities, etc. [10, 11]. In order to design an ef-
ficient spintronic device be it logic functions or any other
operations, we need to take care about two important
things: spin injection efficiency and spin coherence length.
Metallic systems are much superior than semiconducting
materials in the aspect of spin injection, but the previous
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ones have much lower spin coherence length [12]. Both
these two facts viz, efficient spin injection and coherence
length, can be incorporated if we can construct the de-
vice using normal metal by compromising on system size.
Hopefully it can be done with suitable designing of the
setup, and we explore it in this article. Here we also cir-
cumvent the consideration of molecular systems, as nor-
mally used in describing logic operations, due to the fact
that they exhibit much lower transconductance [13].
Considering all these factors, here we propose a new
idea of designing ‘simultaneous Boolean logic operations’
using a three-terminal bridge setup (see Fig. 1) where the
output response is fully spin based. In the two outgoing
leads we get two different logical operations at an identical
Fig. 1: (Color online) Schematic representation of three-
terminal setup where two logical operations are obtained simul-
taneously at two out going leads. Up and down spin electrons
are injected from the source lead. These leads are coupled to
the ring which plays the central role of all logical operations.
The full ring is equally divided into two parts, and based on
the requirement of logical operations, in some cases, we apply a
magnetic flux Φ. The ring circumference is subjected to DSOI
and RSOI, whereas the central horizontal line is free from any
kind of SO interaction.
time which we measure by calculating spin current Is, and
the central mechanism is controlled by the system placed
within the three contacting leads. The bridging system
consists of a metallic ring which is divided equally to form
two sub-rings. Apart from the common portion of the two
sub-rings (viz, the dividing line connecting the sites 1, 9,
10 and 5), the rest section (i.e., the ring circumference
joining the sites 1, 2, . . ., 7 and 8) is subjected to Dres-
selhaus SO interaction (DSOI) [14], and it is distributed
uniformly throughout the ring. Along with this we also
consider Rashba SO interaction (RSOI) [15] where two
different cases, viz, uniform and non-uniform, are consid-
ered for the distribution of RSOI along the ring circumfer-
ence to implement specific simultaneous logic operations,
and it will be clearly observed from our subsequent anal-
ysis. Both these two SO interactions are commonly en-
countered in solid state materials and among them RSOI
draws much attention as its strength can be tuned ex-
ternally [16,17] which yields controlled spin transmission.
We use RSOI as one of the input signals of logic opera-
tions, and, in some cases we also introduce equal amount
of magnetic flux in the two sub-rings which is treated as
another input signal. The ‘ON’ and ‘OFF’ states of the
output signal are described by the positive and negative
signs of Is, respectively, where Is = I↑−I↓ (Iσ(σ=↑,↓) being
the spin dependent current). By selectively choosing the
physical parameters, viz, RSOI, magnetic flux and Fermi
energy, the present setup can be ‘reprogrammed’ to have
all the six two-input Boolean logic gates with two opera-
tions at a time. Achieving these parallel logic operations
we can also think about other special-purpose logic opera-
tions [18] like full-adder, half-adder, multiplier, switching
spin action, etc.
The rest of the paper is arranged as follows. With the
above brief introduction and motivation, next we illustrate
our model quantum system and the theoretical prescrip-
tion for the calculations. The logical operations are clearly
described in a separate section. In this section we also
discuss the possibilities of utilizing the setup for storage
mechanism. Logical operations along with storage func-
tion is extremely important for the complete executation
of computable operation and that is hopefully possible as
our response is spin based. In usual charge based devices
we need to transfer the information to a memory as these
are usually highly volatile [18]. Finally, we end with con-
clusion and future perspectives of spintronic applications.
Model Hamiltonian and the Method. – The full
bridge system described in Fig. 1 is divided into three
parts: the central ring conductor, three leads (one incom-
ing and two outgoing), and conductor-to-lead coupling.
We simulate these parts by the tight-binding (TB) frame-
work. Assuming the leads are perfect and semi-infinite,
we can write the TB Hamiltonian of the leads as
Hleads =
∑
p
[∑
i
c†i ǫ01ci +
∑
i
(
c†i+1t01cn + h.c.
) ]
(1)
where the summation over p (p runs from 1 to 3) is used
for the three leads. The parameters ǫ0 and t0 describe
the on-site energy and nearest-neighbor hopping (NNH)
integral, respectively. For an ordered lead we can easily
put ǫ0 = 0, without loss of any generality. t0 controls the
band width (4t0) of the leads. We couple the incoming
lead at site 1 of the ring, for the entire analysis, whereas
the other two leads are connected at two other sites of
the ring (say, k and l), those are variables. The leads are
coupled to the ring through the hopping parameter τp.
The TB Hamiltonian for the central system looks quite
different from Eq. 1, as the ring system is subjected to
Rashba and Dresselhaus SO interactions, and the mag-
netic flux as well. The dividing line is free from any kind of
SO interaction, and since the two sub-rings are threaded
by equal amount of magnetic flux, no phase factor will
introduce into this segment. We write the general Hamil-
tonian of the central ring (CR) geometry as [19–22]
HCR =
∑
n(all sites)
c†nǫn1cn +
∑
n(wire)
(
c†n+1t1cn + h.c.
)
+
∑
n(ring)
[
c†n+1tDe
iθ(σy cos ζn,n+1 + σx sin ζn,n+1)cn
p-2
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+ h.c.
]
− i
∑
n(ring)
[
c†n+1tRe
iθ(σx cos ζn,n+1 +
σy sin ζn,n+1) + h.c.
]
(2)
where cn is a column of operators formed with the
fermionic operators cn↑ and cn↓. θ = πΦ/2 is the
phase factor acquired by an electron [23] while travers-
ing through the periphery of the ring. In this Hamil-
tonian we do not consider any spin splitting mechanism
due to Zeeman interaction, as it is too small compared
to the other two splitting mechanisms associated with the
Rashba and Dresselhaus SO couplings. With this assump-
tion no physical picture will be altered. The Rashba and
Dresselhaus SO interactions are described by the factors
tR and tD, respectively, and ζn = 2π(n − 1)/N (N be-
ing the total number of atomic sites in the ring, and for
our schematic diagram it is 8) which defines the factor
ζn,n+1 = (ζn+ ζn+1)/2. The other physical parameters ǫn
and tn represent on-site energy and NNH integral in the
ring as well as in the central wire. σi’s (i = x, y, z) are the
usual Pauli spin matrices where σz is diagonal.
This is all about the model and the TB Hamiltonians
describing the full system. Now, in order to describe the
logical responses in two outgoing leads we need to calcu-
late spin currents. At absolute zero temperature, the spin
current at qth lead (q can be lead-2 (i.e., output-I) and
lead-3 (i.e., output-II)) is computed from the relation [24]
Iqs (V ) =
e
h
EF+
eV
2∫
EF−
eV
2
T1q(E) dE (3)
where T1q(E) is the effective two-terminal spin selective
transmission probability, and it is defined as T1q(E) =
(T ↑↑1q +T
↓↑
1q )−(T
↓↓
1q +T
↑↓
1q ). To find spin dependent transmis-
sion probabilities T σσ
′
1q we use Green’s function method,
and in terms of the retarded and advanced Green’s func-
tions (Gr, Ga) it can be expressed as [24–26] T σσ
′
1q (E) =
Tr
[
Γσ1G
rΓσ
′
q G
a
]
, where Γσ1 ,Γ
σ′
q are the coupling matrices
and Gr = (Ga)† = (E − Heff )
−1. Heff is the effective
Hamiltonian of the central ring system by incorporating
the effects of side-attached leads through self-energy cor-
rections. In our prescription, positive Is means high out-
put, while negative Is corresponds to the low output.
Essential Results and Discussion. – Simultaneous
logical operations: As already stated above, by selectively
choosing physical parameters, viz, Rashba SO coupling,
magnetic flux Φ in each sub-rings and location of the out-
going leads we can design all possible Boolean logic gates,
two such gates at a time. Here we present three pairs
(OR-NOR, AND-NAND, and XOR-XNOR) for a specific
set of parameter values, as illustrative examples, but one
can get other different pairs quite easily simply by adjust-
ing the required variables, and thus, our system is repro-
grammable.
We carry out numerical calculations at absolute zero
temperature, considering a 10-site system as discussed in
Fig. 1. Throughout the analysis we set, unless otherwise
specified, all site energies to zero, NNH integral in con-
tacting leads at 2 eV, and the rest other NNH integrals in-
cluding ring-to-lead coupling at 1 eV. The DSOI is fixed at
0.25 eV, and it is uniform throughout the ring circumfer-
ence as stated earlier. The other two physical parameters,
RSOI and Φ, are no longer constant and we mention their
specific values during the subsequent analysis. In what
follows we present different functional logical operations
one by one.
Case I. OR and NOR operations: The setup is shown in
Fig. 2(a) where the outgoing leads are coupled to sites
4 and 6, respectively, of the ring. Here two different
strengths of RSOI are taken into account those are treated
as low and high states of the inputs, and no magnetic
flux is added. These two input states are implemented by
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Fig. 2: (Color online) (a) Cartoon of the setup where two dif-
ferent values of RSOI are considered as two input states and
these are introduced in the two green portions of the upper and
lower arms of the ring. In the rest blue portions of the ring cir-
cumference the RSOI strength is fixed at 0.5 eV. In the spectra
(b) and (c), the simultaneous logical operations are shown by
plotting spin currents, at two outgoing leads, as a function of
bias voltage. Here we choose EF = 0.4 eV.
changing the Rashba strengths at the green portions of
the upper and lower arms of the ring (see Fig. 2(a)), keep-
ing a constant magnitude of RSOI in the other parts. It
looks like a hybrid ring and seems quite easy to fabricate.
The responses for this setup at the two outgoing leads un-
der different input conditions are shown in Figs. 2(b) and
(c). The spin current Is is computed up to a reasonable
bias voltage, and for this entire voltage window we can
clearly see that the two outgoing leads exhibit two differ-
ent logical operations (OR and NOR) simultaneously. The
output currents are also sufficiently high (∼ µA) which
thus easy to detect. The underlying physics involved relies
on the interplay between RSOI and DSOI which leads to
anisotropic spin dependent transport in the outgoing leads
p-3
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as discussed clearly by Chang and co-workers [19, 27, 28].
In presence of both the two SO couplings, an effective pe-
riodic potential is developed which breaks the rotational
symmetry of the ring, resulting non-trivial spin dependent
transport phenomena [19, 27, 28]. To achieve simultane-
ous logical operations we essentially need to get polarized
spin currents from an unpolarized beam of electrons in
outgoing leads of a multi-terminal bridge setup. Several
propositions have already been made by some groups and
by one of the authors of us along this direction i.e., how
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Fig. 3: (Color online) Junction setup (a) together with simul-
taneous logical operations (XOR and XNOR) ((b) and (c)) for
low (tR = 0) and high (tR = 2 eV) input states. The RSOI
strength at the blue portion of the ring circumference is fixed
at 0.25 eV, and magnetic flux is not required like the previous
case (viz, Fig. 2). The currents are calculated by considering
EF = 0.4 eV.
to get polarized spin currents in presence of SO interac-
tions in outgoing leads considering different shaped geome-
tries [29–33]. The main focus of those works was to achieve
polarized spin currents under different input conditions,
but no one has attempted to think about logical opera-
tions, especially simultaneous logic functions. This is pre-
cisely what we do in our present work, and the responses
what we get in two outgoing leads are basically the com-
bined effect of SO interactions and quantum interference
of electronic waves passing through different sectors of the
geometry. Here it is important to note that all the logical
operations are implemented by determining the spin cur-
rent Is, and more precisely by noting its sign viz, positive
or negative. Thus, for two logical operations at the two
output leads, we need to satisfy all the operations simul-
taneously (a set of four outputs for each logic gates) asso-
ciated with the input conditions, and we achieve this goal
considering the interplay between the RSOI and DSOI,
and the interference among the electronic waves. If we set
any one the two SO interactions to zero, which brings back
the rotational symmetry in the ring [29–32], it will be too
hard to satisfy all the above mentioned operations at the
two output leads. Particularly, when DSOI becomes zero
(for instance), no spin current will be available for the in-
put condition where RSOI is also zero, which thus fails to
explain logic functions. In that case we have to consider
non-zero Rashba couplings for the inputs, but satisfying
all the output conditions will not be quite simple unlike
the cases we discuss here with our present setups.
Case II. XOR and XNOR operations: Considering the
identical ring type (viz, the hybrid ring where RSOI is dis-
tributed non-uniformly) as taken in Case I, and slightly
modifying the location of one of the two outgoing leads
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Fig. 4: (Color online) Setup for the AND and NAND opera-
tions in two outgoing leads where RSOI is uniformly distributed
along the ring circumference, unlike the previous two configu-
rations. This RSOI acts as one of the two inputs, while for the
other input we apply equal amount of magnetic flux Φ in each
sub-rings. The results are shown in (b) and (c), where these
currents are computed for EF = −1.35 eV. Tuning of Fermi en-
ergy can be substantiated with suitable gate electrodes [34,35].
we get a pair of another two simultaneous logical oper-
ations. The setup along with the results are placed in
Fig. 3, where we see that XOR and XNOR operations are
clearly obtained from the two outgoing leads. We simu-
late these results setting the equilibrium Fermi energy at
0.4 eV. Comparing the results given in Figs. 2 and 3 we get
a clear hint about the robust effect of quantum interfer-
ence as in one case a specific set of two logical operations
are obtained, while another such set is visible for the other
case.
Case III. AND and NAND operations: Finally, we con-
sider another configuration to implement other two logic
functions i.e., AND and NAND operations. Here the full
circumference is subjected to Rashba SO interaction which
acts as one of the two input signals, and for the other input
we impose equal amount of magnetic flux Φ in each of the
two sub-rings as shown schematically in Fig. 4(a). Thus,
RSOI and Φ are used for the two inputs of logic functions,
and the responses in the two outgoing leads, associated
with four input conditions are placed in Figs. 4(b) and
(c). The two logical operations (AND and NAND) are
clearly visible, and in this case the interplay between SO
p-4
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Fig. 5: (Color online) Implementation of all possible logic operations form a single ring-lead geometry. In this figure four logic
functions (XOR-XNOR and AND-NAND) are shown, while for this same configuration other two operations (OR-NOR) are
presented in Fig. 2. No magnetic flux is included here and the DSOI strength is kept unchanged as before. The inputs are given
in terms of different Rashba SO couplings, those are introduced in the thick green and magenta regions. The rest blue portions
of the setups are free from any RSOI. For the XOR-XNOR operations we choose EF = 0.3 eV, while it is fixed at −0.25 eV for
the AND-NAND functions.
couplings, magnetic flux and quantum interference plays
the central role to exhibit these two logic operations.
Case IV. Single setup - all possible logic operations: To
put more emphasis on reprogrammability, finally we
search for a possible ring-lead configuration where all
the two-input logic gates can be achieved. In Fig. 5
four logical operations (XOR-XNOR and AND-NAND)
are presented for a specific ring-to-lead geometry, and
interestingly, for this same setup other two logic functions
(OR-NOR) are also implemented as discussed earlier in
Fig. 2. Looking carefully into the spectra and comparing
the results given in Figs. 3-5 one can see that the responses
obtained in Fig. 5 are quite inferior, as the magnitudes
of spin currents in outgoing leads are reasonably lower in
few cases, rather than that the individual geometries, i.e.,
the responses obtained in Figs. 3 and 4. This low-current
response hopefully be sacrificed as we can able to establish
all the possible two-input logic gates, two operations at
a time, from a single ring-lead configuration. Thus, a
possible hint of designing reprogrammable logic gates
is expected. This argument i.e., the reprogrammability
can be strengthened further following the propositions
given by Peeters and his group in a work where they
have shown that programmable spintronic devices can
be designed using a network of quantum rings in which
selective spin transmission will be obtained by locally
tuning the Rashba SO coupling in different rings of the
network [36].
Before we end the discussion of simultaneous logical op-
erations, we would like to note that one may ask whether
the same functionality persists if we consider a similar kind
of geometry by removing the atomic sites 9 and 10 i.e., in
the absence of the central horizontal line. The answer
should not be strictly no, but it is very difficult to execute
all the six logic functions, especially, two logic operations
at the two outgoing leads which we confirm through our
detailed numerical calculations. It is true that the po-
larizing effect in presence of RSOI and DSOI, based on
which the logic operations are designed, is available even
in a single ring geometry with one input and two outgo-
ing leads, but the inclusion of multiple paths to form a
network always yields novel spintronic features, which is
substantiated clearly in Refs. [36, 37].
Applicability as a storage device: Along with the above
mentioned functional logical operations here we give a
brief outline how such a system can be utilized for storage
purposes as well. Utilization of spin orientation (↑, ↓) for
storing information will be the most suitable operation [10]
as it does not alter its state unless some perturbations are
imposed. The idea originated from the mechanism of spin-
transfer torque (STT) [38] which suggests that a beam of
polarized spin current having sufficient magnitude can ro-
tate the spin orientation of a free magnetic moment, by
transferring spin angular momentum, along the spin di-
rection of the incident beam. Much higher spin current
above cutoff for switching spin magnetization can easily
be achieved [38] in our case mainly because of too narrow
outgoing channel. Depending on the sign (+ve or −ve)
of the polarized spin current Is, the free magnetic mo-
ment aligns along +Z or −Z direction, and assigning 1
or 0 of the logic bits with these orientations we can even-
tually store one bit memory [38–41]. The free magnetic
site can directly be embedded in the outgoing lead wire
or be placed in its close proximity, and in either of these
two cases angular momentum transfer takes place through
exchange mechanism. Thus, for the present setup as there
are two outgoing leads, we can think about two such free
magnetic sites, and in principle, can store two bits simulta-
p-5
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neously which significantly enhances the storage capacity.
Closing Remarks. – In this work we make an in-
depth analysis of designing simultaneous logic gates based
on spin states that has not been discussed so far in liter-
ature, to the best of our concern. The significance of this
proposal is that it relies on a simple tailor made geometry
that can be configured to achieve different functional log-
ical operations. Though the magnitude of spin current Is
slightly change with the strengths of SO fields and mag-
netic flux, all the essential results, determined by the sign
of Is, remain unchanged for a wide range of parameter
values including bias voltage that we confirm through our
exhaustive numerical calculations. Along with the logical
operations, we also put forward an idea of devising this
system for storage purposes utilizing the concept of spin
exchange interaction. Since in this three-terminal setup,
polarized spin currents are obtained at the two outgoing
leads, we can in principle store two bits by imposing two
free magnetic sites, which yields higher storage capacity.
Thus, both logic functions and storage mechanism can be
implemented in a single device, circumventing the use of
additional storage device as usually considered in charge
based systems, which no doubt brings significant impact
to hit the present market of nanotechnology and nano-
engineering. Finally, we end our discussion by pointing
out that this proposal of simultaneous Boolean logic op-
erations can be generalized to have more complex par-
allel logic operations by adding more output leads and
re-programmed the system by the external factors.
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